Vertically aligned carbon nanotube (CNT) arrays are grown on a moving substrate, demonstrating continuous growth of nanoscale materials with long-range order. A cold-wall chamber with an oscillating moving platform is used to locally heat a silicon growth substrate coated with an Fe/Al 2 O 3 catalyst film for CNT growth via chemical vapor deposition. The reactant gases are introduced over the substrate through a directed nozzle to attain high-yield CNT growth. Aligned multi-wall carbon nanotube arrays (or 'forests') with heights of ≈1 mm are achieved at substrate speeds up to 2.4 mm s −1 . Arrays grown on moving substrates at different velocities are studied in order to identify potential physical limitations of repeatable and fast growth on a continuous basis. No significant differences are noted between static and moving growth as characterized by scanning electron microscopy and Raman spectroscopy, although overall growth height is marginally reduced at the highest substrate velocity. CNT arrays produced on moving substrates are also found to be comparable to those produced through well-characterized batch processes consistent with a base-growth mechanism. Growth parameters required for the moving furnace are found to differ only slightly from those used in a comparable batch process; thermal uniformity appears to be the critical parameter for achieving large-area uniform array growth. If the continuous-growth technology is combined with a reaction zone isolation scheme common in other types of processing (e.g., in the manufacture of carbon fibers), large-scale dense and aligned CNT arrays may be efficiently grown and harvested for numerous applications including providing interlayers for advanced composite reinforcement and improved electrical and thermal transport.
Introduction
Carbon nanotubes (CNTs) are a promising material for numerous applications due to their unique physical and scale-dependent physical properties [1] [2] [3] [4] [5] . Dense aligned arrays of CNTs (sometimes called forests or carpets) 3 Author to whom any correspondence should be addressed.
are especially promising for a number of applications as this morphology organizes the CNTs along a common direction thereby enabling enhanced utilization of their properties [6] [7] [8] [9] [10] [11] [12] . Additionally, CNT alignment provides the ability to tailor non-isotropic properties like electrical and thermal anisotropy in materials fabricated from the CNT arrays (e.g., polymer nanocomposites [13] ). Potential applications include nanoscale reinforcement for highperformance structural composites [14] [15] [16] [17] , thermal interface materials [18] , and ionic and electronic transport devices such as actuators [19, 20] , supercapacitors [21] , and batteries [22, 23] .
Although CNTs can be synthesized by a variety of methods [24, 25] , only catalytic thermal chemical vapor deposition (CVD) has been shown to directly grow dense, aligned CNTs ranging from μm-to cm-scale lengths. Array growth can be performed at either atmospheric or vacuum pressures and can be conducted with a wide variety of carbon-containing feedstocks, including ethylene, acetylene, and ethanol and, in some cases, can utilize carbon from organometallic precursors which doubles as a source of catalyst [26] [27] [28] [29] [30] [31] [32] . Several groups have focused on understanding the mechanisms and limitations of array growth, and this has created an understanding of how to adjust the CNT growth conditions to tune CNT diameter, structural quality, and length [33] [34] [35] [36] [37] [38] [39] [40] [41] . Stationary growth of CNT arrays has thus been studied widely; however, an understanding of how to implement CNT growth on seamless substrates in a continuous fashion is necessary for commercial feasibility of CNT-enhanced materials [2, 12, [42] [43] [44] and this issue has not been explored thoroughly yet.
In this paper, we present the design of a benchtop apparatus for continuous feeding of a continuous substrate through a heated reaction zone. We report synthesis of aligned CNT arrays on a substrate that is moved continuously through this zone and assess the effect of the substrate feed rate on CNT morphology and quality (see figure 1) . The particular CVD process studied in this work is performed at ambient pressure employing a mixture of ethylene (C 2 H 4 ), hydrogen (H 2 ), and helium (He) as the input atmosphere, without intentionally introducing oxidizing agents. This process is attractive for continuous manufacturing since vacuum containment is not required and because the process yields CNT growth via a base-growth mechanism from an iron-on-alumina catalyst system (Fe/Al 2 O 3 ), which allows for potential reuse of the catalyst film and growth substrate after delamination of the CNT array [27, 45, 46] .
Experimental details
Growth of vertically aligned CNTs typically involves heating of a substrate-containing catalyst in a batch-style tube furnace heated from all sides. In our approach, a custom coldwall reactor ('furnace') is used instead, and local substrate heating enables direct visualization of CNT array growth and permits motion of the growth substrate at controlled speeds via computer-controlled rollers. A Si wafer growth substrate coated with 1 nm Fe on 10 nm Al 2 O 3 by e-beam evaporation is heated on two sides (see figure 1 right) via resistively heated highly doped Si wafers [47] connected in series mimicking the operation of a toaster (in which the growth substrate is the 'toast'). In this configuration, the target substrate is placed atop a 1 mm-thick quartz slide that passes between a bottom and top heater without contacting either heater. The substrate is thus heated primarily by radiation and convection. The temperature of the bottom heating element is measured through a borosilicate glass window on the bottom of the growth chamber by an infrared sensor (Exergen 3AMF). This temperature is equated to the growth temperature. The quartz stage (figure 4) supporting the growth substrate is moved by an actuator (Hi-T-Drive RH-8-6006) at different rates: 0.0, 0.22, 1.1 and 2.2 mm s −1 average velocity. Position of the moving stage is measured by a laser (Keyence LK-G152) reading the position of the quartz slide through the front window (see figure 1) . A 25.4 mm diameter quartz tube furnace placed inline with the cold-wall reactor is used as a 'pre-heater' [48] to cause thermal decomposition of the gas mixture prior to reaching the growth substrate. The gas first flows through the pre-heater and is then delivered to the growth substrate via a flexible stainless steel hose which is positioned to direct the flow upon the heated area of the toaster.
CNTs were grown in this furnace on a stationary substrate (velocity = 0 mm s −1 ) to establish the baseline growth conditions, and then experiments were performed at non-zero average velocities in the form of sinusoidal substrate position profiles with peak velocities of 0.24, 1.2, and 2.4 mm s −1 (average velocities 0.22, 1.1, and 2.2 mm s −1 , respectively). Growths at each velocity were repeated at least twice. Growth conditions (gas flow rates, time, substrate temperature, pre-heater temperature, nozzle position, etc) were optimized through a large parametric study (described later) to identify optimal conditions for nanoparticle formation and high-yield array/forest growth. Morphology was characterized by measuring array height and SEM inspection of CNT array characteristics. CNT quality was assessed with Raman spectroscopy by comparison of relative contributions from D and G bands [49] . Examples of aligned CNT arrays produced at different velocities are shown in normal-, and high-resolution cross-sectional SEM images, in figures 2 and 3, respectively. CNT growth is similar for all substrate velocities and no difference in CNT array morphology is observed. Similarly, at higher magnification (figure 3), no morphological differences (CNT waviness, inter-CNT spacing, etc) are evident at any of the growth velocities relative to stationary growth. TEM inspection (described later) of CNTs grown at different velocities similarly indicates no diameter difference over the velocities considered. The moving-substrate growth system utilizes a 0.6 mmthick single-crystal Si wafer 10 mm wide by 35 mm long (in the direction of the substrate motion) covered with a catalyst film of 1 nm Fe on 10 nm Al 2 O 3 deposited by e-beam evaporation is placed on the moving stage between the heating elements. The long axis of the wafer is aligned with the direction of substrate motion. The wafer is fixed to the moving stage with a stainless steel clip to avoid sliding during the movement of the stage. The growth chamber is sealed and He, H 2 , and C 2 H 4 lines (Tygon 2075 tubing, 0.635 cm inner diameter) are connected via quick disconnects. The overall growth schedule is shown in figure 4 including gas flows, heater and pre-heater temperatures organized by the key stages in aligned CNT growth. Prior to CVD, all pre-heater gas lines (He, H 2 , and C 2 H 4 ) are flushed for 8 min followed by 10 additional min of He to displace trapped air from the system. A second He line is connected directly to the 18 cm × 18 cm × 12 cm coldwall growth chamber bypassing the pre-heater to maintain an inert atmosphere throughout. To condition the catalyst film and produce metallic nanoparticles [34] , the resistive heating elements are quickly (within a few seconds) brought to 825
• C with a power of ∼300 W (30 V and 10 A). A flow of He and H 2 delivered through the pre-heater is then introduced over the target substrate. Simultaneously, the pre-heater is ramped to 820
• C over the course of 5 min in preparation for conditioning the C 2 H 4 /H 2 reactant mixture used for CNT growth [48] . Next, a mixture of He/H 2 /C 2 H 4 is introduced through the pre-heater for 30 min during which the CNT array emerges. Finally, the system is cooled to ambient while flushing He through both the pre-heater and directly to the growth chamber to eliminate any reactive gases from the system. In the case of moving-substrate growth (non-zero velocity), substrate motion is started at 18 min in the overall growth schedule (reference figure 4) .
A parametric study was performed to obtain the high-yield growth schedule shown in figure 4 by evaluating the effects of pre-heater temperature, substrate temperature, substrate position relative to the heater, nozzle position relative to the heaters, flows of the carrier (He) and carbon-source (C 2 H 4 ) gases, and process times. As an example, early in the parametric study the substrate was heated solely by a bottom heater. This was found to result in sparse and unaligned CNT forests regardless of various pre-heater and heater temperature combinations attempted. The second (upper) heater was then added to better mimic the standard batchstyle process where the substrate is heated from all angles. In this configuration, well-aligned and high-quality multiwall carbon nanotubes (MWNTs) are grown in the moving reactor possessing characteristics comparable to batch-style CNTs grown in tube furnaces under similar conditions. The growth schedule in figure 4 differs from the standard batch tube Optimized gas flow and temperature schedule for high-yield aligned CNT synthesis on moving substrates, with key stages in the overall growth process identified. In the first two stages ('flushing lines' and 'flushing pre-heater tube and chamber') ambient air is removed from the system comprised of the 1 tube, the lines and the cold-wall growth chamber. In the 'catalyst pretreatment' stage, Fe nanoparticles are formed from the deposited film, and then CNTs are gown in the 'growth' stage for 30 min. The 'cooling down' stage is necessary to eliminate all the reactive gases from the system before removing the grown CNTs.
furnace schedule typically used in our laboratory as follows: the pretreatment and growth temperatures are higher in this system with the heating stage approximately 75
• C higher than the zone temperature of our standard 25.4 mm diameter tube furnace (Lindberg Blue/M) and with a pre-heater temperature 20
• C higher. These increments in temperature may be due to thermal losses of the heating elements and substrate to the relatively large volume of the cold-wall growth chamber where the chamber walls are at room temperature. Additionally, a more reactive mixture must be utilized with a higher ethyleneto-hydrogen flow ratio of 200/400 sccm C 2 H 4 /H 2 versus 121/400 sccm C 2 H 4 /H 2 used in our batch tube furnace system. Comparing lengths of CNT forests growth in the movinggrowth system versus with the batch tube furnace system, a typical length of between ∼1 and 3 mm is typically achieved within 30 min in the tube furnace while these conditions typically give 0.9 mm in the moving-growth system. As discussed below, this difference may be explained by several factors, including the fact that the batch process has been optimized over several years whereas the moving-growth process is nascent. A series of experiments to study gas and temperature isolation on growth kinetics is planned for future work.
Results and discussion
The CNTs grown in the moving-substrate furnace are observed to have an average diameter of ∼9 nm under TEM inspection (see example in figure 5 ) and have several concentric layers.
The outer amorphous carbon coating is caused by pyrolytic carbon decomposition in the gas phase and is typically found on CNTs grown by thermal CVD. This coating can be removed by annealing the CNTs in air after growth, and reduced by further optimizing the thermal decomposition conditions so as to manage the tradeoff between growth rate and CNT purity. These compare well to CNTs produced in our batch furnace system which have an average diameter of 10 nm and an average of 4-5 walls [50, 51] . Raman spectra of the MWNT arrays were collected with a custom-built microRaman spectrometer (λ ex = 514 nm, 9 mW, 120 s collection time) to assess CNT quality. The CNT arrays exhibit spectra typical of MWNT arrays grown on stationary substrates in batch tube furnace CVD systems. A D band, G band, and G band can be observed in the spectra ( figure 5 ). The I D /I G ratio appears to be independent of growth velocity, indicating that CNTs grown on moving substrates are of comparable quality to CNTs grown on stationary substrates.
Average CNT forest height profiles in the direction of motion and perpendicular to it were measured to assess any differences in CNT growth as a function of velocity (see figure 6 ). For these measurements, the growth substrate was moved continuously back and forth with amplitude of ±2.2 mm between the 1.1 cm wide heating elements along the direction of motion of the growth stage (see illustration in figure 6 left). The effective growth width is reduced from the nominal heater width of 11 mm to between 10.0 and 10.2 mm due to the growth substrate passing in and out of the heated zone. The height profile of the CNTs along the width of the heating element follows this profile and is similar for all the velocities (see figure 6 left). In the direction transverse to substrate motion (along the heater length), the CNT array profile is slightly asymmetric with longer CNT heights closer to the nozzle, attributed to thermal variations on the substrate from the resistive heaters or flow-mediated effects such as convective cooling, turbulence, and/or change in gas temperature or composition arising from the nozzle position being located asymmetrically on one side of the substrate (see figure 1 lower right) . In future refinements of the system, two or more nozzles may be utilized to increase uniformity in this direction. In both the transverse and axial directions of the growth substrate the CNT height profile varies, underscoring the importance of creating a uniform temperature and gas environment for continuous high-yield CNT growth. The overall height of the CNT arrays at different velocities is presented in figure 6 . The average array height improves at low substrate velocities relative to stationary growth and drops off slightly at the highest movingsubstrate velocity. While the reduced height at the highest velocity may be due to scatter in the growth data, effects such as convective losses and disturbance of gas flow due to the substrate motion are also possible explanations. While the overall CNT array heights grown on the moving substrate are slightly less than the typical heights in the batch processes (between 1.2 and 3 mm [7, 52, 53] ), this is attributable to the lack of process and design optimization in the current moving system in comparison with extensive (years) optimization that has occurred for batch CNT processing. 
Conclusions
We have demonstrated a critical leap forward in the ability to manufacture ordered CNTs on an industrial scale for applications where CNT alignment and areal density is critical, demonstrating the viability of manufacturing dense, vertically aligned CNT arrays in a continuous fashion extensible to roll-to-roll processing. Although in a floating catalyst CVD scheme, the injected catalyst seeds are moving in the carrier gas and/or due to gravity [32] , the authors know of no prior reported studies of moving-substrate CNT growth, particularly a process giving high-yield (relatively high areal density) aligned CNTs. Importantly, we have demonstrated that movement of the catalyst does not affect the growth of aligned CNTs, allowing for large-scale CNT array manufacture to be decoupled from batch processing without compromising properties such as length, growth rate, and defect content. In order to understand how process parameter variation affects CNT growth, in situ measurement, and automation of growth parameters should be further explored. This in situ monitoring will be essential particularly for larger-area scaling [54] of the continuous results demonstrated here for 1 cm wide growth substrates. Higher speeds than those discussed in this work have been reached in our system and would allow for continuous growth on rigid and flexible substrates with only some basic modifications such as a continuous belt to feed the system and additional nozzles to adequately deliver gas over the target substrate. As the heating system is substrate independent and non-contact, many substrates can be used. Growth of radially aligned CNTs on alumina fibers coated with iron nitrate [42] has been conducted without any modification to the system by placing the fibers on the moving stage, for example, showing how the approach could enable the formidable task of producing aligned-CNTreinforced composites. Aligned CNTs grown on numerous substrates are a key enabler in producing large quantities of aligned CNTs in a useful form factor for technology applications such as nano-engineered composites [55] . By combining continuous manufacturing with processes that yield self-organized (as-grown) CNT arrays, sophisticated nano-engineered architectures can be practically achieved in an industrial setting without having to address the nontrivial challenge of manipulating and positioning countless nanoscopic structures into the desired orientation over large areas.
